Voluntary exercise is known to have an antidepressant effect. However, the underlying mechanism for this antidepressant action of exercise remains unclear, and little progress has been made in identifying genes that are directly involved. We have identified macrophage migration inhibitory factor (MIF) by analyzing existing mRNA microarray data and confirmed the augmented expression of selected genes under two experimental conditions: voluntary exercise and electroconvulsive seizure. A proinflammatory cytokine, MIF is expressed in the central nervous system and involved in innate and adaptive immune responses. A recent study reported that MIF is involved in antidepressant-induced hippocampal neurogenesis, but the mechanism remains elusive. In our data, tryptophan hydroxylase 2 (Tph2) and brain-derived neurotrophic factor (Bdnf) expression were induced after MIF treatment in vitro, as well as during both exercise and electroconvulsive seizure in vivo. This increment of Tph2 was accompanied by increases in the levels of total serotonin in vitro. Moreover, the MIF receptor CD74 and the ERK1/2 pathway mediate the MIF-induced Tph2 and Bdnf gene expression as well as serotonin content. Experiments in Mif −/− mice revealed depression-like behaviors and a blunted antidepressant effect of exercise, as reflected by changes in Tph2 and Bdnf expression in the forced swim test. In addition, administration of recombinant MIF protein produced antidepressant-like behavior in rats in the forced swim test. Taken together, these results suggest a role of MIF in mediating the antidepressant action of exercise, probably by enhancing serotonin neurotransmission and neurotrophic factor-induced neurogenesis in the brain.
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physical activity | major depressive disorder | glycosylation-inhibiting factor D epression is one of the most common psychiatric disorders, affecting ∼121 million people worldwide and resulting in major social and economic consequences, yet it remains undertreated (1) . Although numerous antidepressant drugs have been introduced, limits remain in both their degree of therapeutic efficacy and our understanding of their underlying mechanisms (2, 3) . The effectiveness of selective serotonin reuptake inhibitors, which up-regulate synaptic serotonin content, suggests a crucial role of serotonin in the action of antidepressant drugs (4) . However, the evidence regarding involvement of other systems, including the noradrenergic, dopaminergic, and glutamatergic systems, in antidepressant action suggests complex neurotransmission. In addition, although hippocampal neurogenesis by antidepressive treatment modalities, including electroconvulsive seizure (ECS), an animal model of electroconvulsive therapy, and various antidepressants, has been suggested to be responsible for the therapeutic effects (5-7), several recent studies have not supported the direct involvement of neurogenesis in antidepressant action (7, 8) .
Regular physical activity is associated with diverse human health benefits, including prevention of cardiovascular dysfunction (9), metabolic diseases (10), and mood disorders. In particular, studies involving rodents (11) and humans (12) have suggested that long-term exercise reduces the symptoms and risk of depression. Although exercise therapy has received recent attention for its efficacy in the treatment of depression, the underlying mechanism linking exercise and depression remains unclear. Understanding the detailed mechanisms of the effect of exercise therapy on depression could lead to the identification of important targets for antidepressant drugs. In this study, we focused on the hippocampus, a component of the limbic system that is highly sensitive to environmental and stress hormones and that may play a crucial role in the development and treatment of depression (13) .
Several previous studies have reported that exercise-modulated genes in the brain may be responsible for antidepressant-like effects (14, 15) . To identify the candidate genes contributing to the antidepressant action of exercise, we compared previously reported mRNA microarray data on the rodent hippocampus after voluntary exercise with data on the rodent hippocampus after ECS, the most effective treatment for depression symptoms. One significantly up-regulated candidate gene was that encoding macrophage migration inhibitory factor (MIF), a proinflammatory cytokine that is highly expressed in immune cells as well as nonimmune cells, including those in the brain (16) . The contribution of MIF to antidepressant-induced hippocampal neurogenesis was reported in a recent study (17) ; however, the underlying mechanism of MIF in hippocampal neurogenesis and its role in exercise-induced antidepressant therapy have not been reported. We subjected rats to 28 d of voluntary exercise or 10 d of repeated ECS treatment and then evaluated the expression of MIF as well as behavioral changes in the rats and mice during the forced swim test (FST). The results revealed a remarkably diminished antidepressant effect of exercise in Mif −/− mice and an enhanced antidepressant effect in MIF-injected rats, along with the induction of brain-derived neurotrophic factor (BDNF) and tryptophan hydroxylase 2 (TPH2) in MIF-infused rat brains and MIF-treated neuronal cell lines. Our results demonstrate an antidepressant-like effect of exercise in rodents as determined by measurements of MIF.
Results
Selection and Validation of Candidate Genes Related to the Antidepressant Action of Exercise. To identify candidate genes possibly contributing to the antidepressant action of voluntary exercise, we first compared previously reported mRNA microarray data on the rodents' hippocampi after voluntary exercise with those data after ECS. Common differentially expressed candidate genes were selected in both the exercise and ECS experiments (Table S1) (14, 15, (18) (19) (20) (21) (22) . To validate these genes, hippocampal tissues from rat brain were collected after 28 d of voluntary wheel running or after repeated ECS treatments for 10 d. The RT-PCR results showed that five genes were commonly induced by both long-term exercise and repeated ECS treatments ( Fig. S1 ): Bdnf, cyclooxygenase-2 (Cox-2), glutamate transporter (Slc1a1), neuropeptide Y (Npy), and Mif (Fig. 1A and Fig. S1A ). All of these genes were significantly induced by both exercise and ECS, as determined by real-time RT-PCR (P < 0.05 for all; Fig. 2 B and C). Consistent with previous reports (15, 19, 21, 23, 24) , the expression of Bdnf, Cox-2, Slc1a1, and Npy increased after voluntary exercise and repeated ECS. In addition, expression of Mif also increased after both treatments. Furthermore, immunoblot analysis confirmed increased MIF protein levels in the rat hippocampi under both long-term exercise and repeated ECS compared with each control group (Fig. 1D ). Immunohistochemistry analysis also indicated that the expression of MIF protein increased in the dentate gyrus subfields after long-term exercise ( Fig. 1E and Fig. S2A ) and repeated ECS (Fig. 1E) . However, the protein MIF content in plasma did not differ between the exercised mice and the nonexercised mice (Fig. S2B ). Taken together, our observations, the noticeable expression pattern in mossy fibers of the dentate gyrus, and the known biological role in antidepressant-induced Error bars show mean ± SE. NS, not significant. *P < 0.05; # P < 0.05; ## P < 0.01.
hippocampal neurogenesis (17) indicate that MIF may be a feasible candidate protein contributing to exercise-mediated antidepressant activity (25) .
BDNF Levels Are Induced by MIF. The role of MIF in antidepressant-stimulated adult hippocampal neurogenesis (17) and increased expression after long-term exercise and ECS treatment (26, 27) led us to investigate the molecular mechanism of MIF in neurogenesis. We first measured the effective concentration of recombinant MIF on the neuronal cell response by immunoblot analysis. We then analyzed the expression pattern of genes involved in neurogenesis and neuronal stem cells using PCR array (SABiosciences), and found that 14 genes were elevated by MIF (300 ng/mL) for 24 h after treatment in Neuro-2A cells ( Fig. 2A and Fig. S3A ). After screening out those selected molecules by searching for words with each gene name and "depression" in PubMed, we identified Bdnf and Fgf2 as the targets of the antidepressant action of MIF. We further validated and assessed the changes in Bdnf and Fgf2 expression by real-time RT-PCR. Cells were treated with MIF for various durations, and gene expression was evaluated. Bdnf expression increased significantly from 3 h to 24 h after treatment, whereas Fgf2 expression was elevated only at 24 h compared with vehicle treatment ( Fig. 2A and Fig. S3B ). In addition, we measured BDNF protein levels after MIF treatment using immunoblot analysis (Fig. S3C) . To validate the in vitro findings in the in vivo brain samples, we measured the expression levels of Bdnf in hippocampi of Mif −/− mice and MIF-injected rats. Basal expression of Bdnf in hippocampi of Mif −/− mice was reduced compared with that in WT littermates. Furthermore, mRNA expression of Bdnf was also induced by long-term exercise in the hippocampus of WT littermates. However, compared with sedentary Mif −/− mice, long-term exercise did not significantly induce Bdnf mRNA expression in Mif −/− mice (Fig. 2B) . Furthermore, mRNA expression of Bdnf increased significantly by 4 h after injection (Fig. 2C) . In addition, the mRNA levels of a marker for newborn neurons, Dcx, and a key transcription factor that controls neurogenesis, Pax6, were decreased in Mif −/− mice. Long-term exercise had a marginal effect on the expression of these genes in the hippocampi of Mif −/− mice (Fig. 2D ). These results led us to expand our observations on the effect of MIF on candidate genes induced by both long-term exercise and ECS treatment. We also noted that the expression levels of other selected candidate genes were dynamically regulated by MIF treatment in the neuroblastoma cell line Neuro-2A (Fig. S3B) . These findings provide a biological basis for a possible mechanism through which exercise-induced MIF mediates hippocampal neurogenesis.
TPH2 and Brain Serotonin Levels Are Induced by MIF. Exercise and ECS treatment have been established to increase brain serotonin (5-HT) through the activation of neurotransmission systems (28, 29) . To evaluate whether MIF contributes to 5-HT neurotransmission, we analyzed several genes associated with neurotransmission in antidepressant action, including molecular markers involved in synthesis or transport of 5-HT (4, 30) , by real-time RT-PCR. Strikingly, expression of Tph2 increased significantly from 6 h to 24 h after treatment in Neuro-2A cells (Fig. 3A) . We also measured TPH2 protein levels via immunoblot analysis after MIF treatment (Fig. S4A) . We then measured the expression levels of Tph2 in the hippocampi of Mif −/− mice and MIFinjected rats. Similar to bdnf mRNA expression, basal expression of Tph2 was significantly lower in the hippocampi of Mif −/− mice compared with their WT littermates. Furthermore, mRNA expression of Tph2 was induced by long-term exercise in the hippocampi of WT littermates, but not of Mif −/− mice (Fig. 3B) . The expression of Tph2 was increased at 1 h and 4 h after injection (Fig. 3C ). In addition, repeated ECS treatments and long-term exercise increased Tph2 expression in rat hippocampi (Fig. 3D) .
Because TPH2 is a critical rate-limiting enzyme in the biosynthesis of 5-HT in the brain, we further characterized the effect of MIF on 5-HT levels (31) . In this experiment, we used RBL2H3, a basophilic leukemia cell line, which is the optimal in vitro model system for investigating the serotonin synthesis pathway (32). Before 5-HT measurement, we confirmed that Tph2 expression also increased in a time-dependent manner after MIF treatment in RBL2H3 cells (Fig. S4B) . The intracellular 5-HT concentration increased after 24 h of MIF treatment in a dose-dependent manner (Fig. 3D ) and tended to be saturated at 36 h. In accordance with the enhanced Tph2 gene expression, the total 5-HT concentration increased on treatment with MIF (300 ng/mL) in a time-dependent manner (Fig. 3E) . These results indicate that activation of the 5-HT system produced by MIF may be involved in neuronal functions induced by exercise.
CD74-GTPase RhoA-ERK1/2 Pathway Is Involved in MIF-Induced
Expression of TPH2, BDNF, and the Amount of 5-HT. MIF has been reported to stimulate the ERK1/2 pathway, both transiently and in a sustained manner (33) via CD74-GTPase RhoA (34) . In addition, activated ERK1/2 is involved in TPH (35) and BDNF (36) expression in various types of neuronal cells. We found robust expression of Cd74 in rat hippocampi as well as in Neuro-2A cells (Fig. S5A) . Inhibition of Cd74 expression by siRNAs reduced the expression of Tph2 and Bdnf induced by MIF treatment in Neuro-2A cells (Fig. 4A and Fig. S5B ). To evaluate the role of the GTPase RhoA-ERK pathway in Tph2 and Bdnf induction by MIF, we used the GTPase RhoA inhibitor CT04 (Cytoskeleton) and MEK inhibitor U0126 (Cell Signaling Technology). Pretreatment of CT04 (5 μg/mL) and U0126 (10 μM) for 60 min significantly decreased Tph2 and Bdnf mRNA levels induced by MIF treatment for 24 h (Fig. 4B) . Furthermore, inhibition of CD74, GTPase RhoA, and the ERK1/2 pathway by Cd74 siRNAs, CT04, and U0126, respectively, reduced the amount of 5-HT induced by MIF treatment (Fig. 5 C and D) . In addition, intracerebroventricular (ICV) injection of MIF increased ERK1/ 2 phosphorylation in rat hippocampi at 1 h after administration, as did long-term voluntary exercise and repeated ECS treatments (Fig. 4E) . These results suggest that the CD74-ERK1/2 pathway seems to be required for mediating the action of MIF.
Mif KO Mice Demonstrate Diminished Antidepressant Effect of Long-Term Exercise. We examined the effects of Mif deletion on the depression-like behavior and antidepressive effects of chronic voluntary exercise in Mif −/− mice. We observed a significant decrease in the mobility of Mif −/− mice compared with their WT littermates (P < 0.05 for both) (Fig. 5A) , consistent with findings reported by Conboy et al. (17) . In addition, in the WT littermates, exercise for 28 d significantly decreased the immobility time during FST (Fig. 5A) , consistent with previous reports (37, 38) . However, compared with the WT littermates, Mif −/− mice did not exhibit significantly decreased immobility time after long-term exercise, indicating that Mif −/− mice are incapable of fully reproducing the antidepressant effects of long-term exercise (Fig. 5A) .
We also subjected the mice to the novelty-suppressed feeding test, which assesses stress-induced anxiety by measuring the latency of an animal to approach and eat a familiar food in an aversive environment. Latency was significantly longer in the Mif −/− mice compared with WT littermates (Fig. S6A) . Conversely, locomotor activity did not differ between Mif −/− mice and WT littermates (Fig. S6B) . These results suggest that MIF is a required element in the association between exercise and antidepressive action.
Effect of Injection of Recombinant MIF Protein in Rats on Antidepressant-Like Behavioral Changes. To directly examine whether MIF exerts antidepressant activity, we investigated the influence of intrabrain injections of MIF on FST, the most reliable behavioral test of depression (39, 40) . We generated recombinant MIF protein as described in SI Materials and Methods. Before the ICV injection experiments, we confirmed that 100 ng/mL of MIF achieved half the effective concentration for ERK phosphorylation, a well-known target of MIF (Fig. S7 A and B) . Purified MIF protein or artificial cerebrospinal fluid was infused into the lateral ventricles of cannulated rats, and their behavior in the FST was examined. MIF infusion (5 μL of a 300-μg/mL solution) led to significant increases in mobility at 1 h and 4 h after treatment (P < 0.05 for both) compared with infusion of artificial cerebrospinal fluid (Fig. 5B and Fig. S6C) . A significant increase in swimming at 1 h and 4 h after injection (P < 0.05 for both) and climbing events at 4 h after injection was observed compared with each control group (Fig. 5B and Fig. S6C ). These findings indicate that an increasing amount of MIF protein in the brain is sufficient to induce antidepressive-like behavior.
Discussion
In this paper, we provide evidence that MIF is regulated by longterm exercise and that it mediates induction of 5-HT and neurotrophic factors, resulting in the amelioration of depressive behaviors in a rodent model. MIF was up-regulated during both long-term voluntary exercise and repeated ECS treatments. We propose a unique mechanism by which MIF exerts its antidepressant-like action by demonstrating ERK1/2 dependent upregulation of TPH2 and BDNF expression in neuronal cell lines. We found that MIF also induced Tph2 and Bdnf expression in rat brain along with ERK1/2 activation. Consistent with these findings, 5-HT levels were increased by MIF. Furthermore, Mif −/− mice also displayed depression-like behavior. Notably, compared with the exercised WT group, the exercised Mif −/− mice demonstrated limited improvement in antidepressive-like behavior. In addition, direct intrabrain administration of MIF induced an antidepressant-like response in the FST. Taken together, these results demonstrate that MIF induces antidepressive-like behavior and mediates the effect of exercise on mood improvement.
We found that the cytokine MIF was induced by exercise as well as by ECS. MIF is a proinflammatory cytokine that plays a role in the innate and adaptive immune responses. MIF is presented in most cells, including pituitary cells, T cells, macrophages/ monocytes, and several neural cells, such as those found in the hippocampus, and is released in response to infection and stress (25, 41) . A recent study reported that MIF plays an important role in antidepressant-induced hippocampal neurogenesis (17) . Moreover, MIF dynamically regulates the expression of other selected candidate genes, suggesting that it may modulate the antidepressant activity of exercise.
Our analysis of changes in the expression levels of neurogenesis and neurotransmission-related genes revealed significantly increased expression of Tph2 and Bdnf in response to MIF treatment. MIF −/− mice showed reduced expression levels, and exercise did not lead to recovery of expression of mRNA levels of Tph2 and Bdnf. ICV administration of MIF also up-regulated the mRNA levels of Tph2 and Bdnf in rat brains. A rate-limiting enzyme of the 5-HT synthesis pathway, TPH2 is specifically expressed in the brain (31) . The neurotransmitter serotonin is believed to be involved in various brain functions, including control of mood, aggression, anxiety, pain, cognition, appetite, and sexual behavior, which points to a central role of 5-HT in the treatment of depression (42, 43) . We also observed that MIF treatment increased the amount of 5-HT in the RBL2H3 cell line, along with induction of Tph2. The widespread occurrence of 5-HT-positive nerve ends throughout the brain and the density of serotonergic fibers appear to exhibit considerable local differences in the hippocampus (44) . In the present study, MIF increased Tph2 expression, 5-HT levels, and exercise-and ECSinduced Tph2 expression. These findings suggest that MIF may enhance serotonin neurotransmission by inducing TPH2, which could contribute to the antidepressant action of MIF.
BDNF, one of the molecules induced by MIF, is a critical modulator of synaptic plasticity in the central nervous system, supporting the survival of existing neurons and encouraging the growth and differentiation of new neurons. Several studies have reported an association between the BDNF gene and depressive disorders and decreased levels of BDNF in patients with depression (45, 46) . Various antidepressants have been reported to increase BDNF expression, which can contribute to neurogenesis (7) . In the present study, exercise and ECS increased the BDNF level with neurogenesis markers in the hippocampus. A recent study identified MIF as a potent molecular target for neurogenesis (17) . In the present study, MIF induced expression of the Bdnf gene in vitro and in vivo, suggesting the possible involvement of another mechanism in the antidepressant effect of MIF besides induction of 5-HT synthesis through TPH2 expression. MIF-induced BDNF expression may be associated with the effect on neurogenesis, but this cause-and-effect relationship requires further investigation.
CD74 mediates MIF induction of ERK1/2 activation (33, 34), which plays a key role in the transduction of extracellular signals to cellular responses, related mainly to cell growth. In the present study, we observed the activation of ERK1/2 in the brain after MIF treatment in vitro and in vivo. Inhibition of the CD74, GTPase RhoA, and ERK1/2 pathways diminished the effect of MIF on the expression of Tph2 and Bdnf, as well as on the amount of 5-HT. These results suggest that the CD74-MAPK pathway is involved in Tph2 and Bdnf induction after MIF treatment.
Finally, 28 d of voluntary exercise did not recover the depressivelike behavior of Mif −/− mice, but did induce antidepression-like behavioral changes in their WT littermates. The Mif −/− mice displayed increased despair phenotypes compared with littermate controls, which is consistent with recently reported data showing that genetic deletion of MIF resulted in increased depression-like behavior (17) . In addition, analysis of MIF administration indicated that MIF has antidepressant-like behavioral effects. Intrabrain injection of MIF reduced depressive-like behavior in the FST. These results suggest that MIF itself induces an antidepressive effect and mediates the antidepressant action of long-term exercise. Disturbances in the immunologic system have long been considered possible pathogenetic mechanisms of depression (47) . Initially, MIF was identified as a proinflammatory cytokine involved in innate and adaptive immune responses. In the present study we have identified a different role for MIF, as an antidepressant. In particular, we found that MIF mediates the antidepressant action of long-term voluntary exercise. Moreover, MIF induces TPH2 through the activation of serotonin neurotransmission and BDNF with a possible neurogenesis action, which could mediate the antidepressant action of MIF. Note that MIF may exert its effects in the brain through the activation of two different mechanisms that are the most critical for the therapeutic interventions of depression. Taken together, our findings identify an important player in the field of antidepressants and indicate that MIF may be a significant antidepressive mediator in response to exercise.
Materials and Methods
Additional details on all methods are provided in SI Materials and Methods. For statistical analysis, all data are expressed as mean ± SE or ± SD, and are representative of at least three different experiments. Data were analyzed using the two-tailed Student t test or one-or two-way ANOVA, followed by the least significant differences post hoc test. For all cases, a P value < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS 17.0.
